Abstract Water is essential for the world's food supply, for energy production, including bioenergy and hydroelectric power, and for power system cooling. Water is already scarce in many regions of the world and could present a critical constraint as society attempts simultaneously to mitigate climate forcing and adapt to climate change, and to provide for a larger and more prosperous human population. Numerous studies have pointed to growing pressures on the world's scarce fresh water resources from population and economic growth, and climate change. This study goes further. We use the Global Change Assessment Model to analyze interactions between population, economic growth, energy, land, and water resources simultaneously in a dynamically evolving system where competing claims on water resources from all claimants-energy, land, and economy-are reconciled with water resource availabilityfrom renewable water, non-renewable groundwater and desalinated water sources -across 14 geopolitical regions, 151 agriculture-ecological zones, and 235 major river basins. We find that previous estimates of global water withdrawal projections are overestimated. Model simulations show that it is more economical in some basins to alter agricultural and energy activities rather than utilize non-renewable groundwater or desalinated water. This study highlights the importance of accounting for water as a binding factor in agriculture, energy and land use decisions in integrated assessment models and implications for global responses to water scarcity, particularly in the trade of agricultural commodities and land-use decisions.
Introduction
Integrated assessment models (IAMs) have been used over the past several decades to understand the relationships between human and natural Earth systems in the context of climate change, and their use has contributed significantly to the assessment reports of the Intergovernmental Panel on Climate Change (IPCC). Integrated assessment modeling began in the 1970s with a focus on issues such as resource depletion, population growth, environmental pollution, and energy policy (Goodess et al. 2003) . The 1990s witnessed the expansion in scope of several IAMs to include representations of climate, land-use, agriculture, and renewable energy. More recently, the IAM community has moved towards higher spatial resolution (regionalization), explicit accounting of climate change impacts, and incorporation of water within the IAM framework (e.g., Davies et al. 2013; Strzepek et a. 2013; Stehfest, et al. 2014 ). In the Fifth IPCC assessment, a suite of high resolution global IAMs has been used to generate the representative concentration pathways (RCPs) which are used by the climate modeling community to produce the fifth Coupled Model Intercomparison Project (CMIP5) (van Vuuren et al. 2012) . Although IAMs carry detailed technological representations of the economy, energy, agriculture, land use, and climate systems, none of the IAMs used to generate the four RCPs incorporate the feedbacks between water supply and demand, and the rest of the systems modeled. That is, all assessments to date have implicitly derived emission pathways without explicitly considering the consequences of water limitations, or the interactions between hydrologic systems and human systems, as society adapts to and mitigates climate change. Yet, limits to hydrologic systems could impose constraints on both energy and land decisions, with significant effects on their resulting emissions. For example, global emission mitigation policies can significantly alter land use patterns (Wise et al. 2009 ), both by limiting land use change emissions, and by increasing bioenergy production; further, the future of bioenergy crops, an important component to many technology strategies to reduce greenhouse gas emissions, may depend critically on water availability (Berndes 2002) . Hence, the ability to assess the implications of changing supplies and demands for water that stem from simultaneously-evolving human populations, economic systems, technologies, and climate, remains an important scientific goal.
Numerous studies have assessed various measures of water scarcity at alternative spatial scales Wada et al. 2011; Hanasaki et al. 2013a; Hejazi et al. 2014a, b) . These studies generally use information related to economic, food and energy demands-often derived from IAM simulations-as inputs to macro-scale global hydrologic and water management models, which are then used to assess the implications of growing demands for food and energy on water resources (Blanc et al. 2014; Hanasaki et al. 2013a; Voisin et al. 2013a ). Many IAM teams have added water to their modeling suites, e.g., AIM: Hanasaki et al. 2013a,b; IGSM: Strzepek et al. 2013; Blanc et al. 2014; IMAGE: Gerten et al. 2013; Stehfest et al. 2014; MESSAGE: Damerau et al. 2015; ReMIND: Popp et al. 2011; Bonsch et al. 2014 . These studies employ one-way coupling in which information is passed from IAMs to downstream models with no feedback to the economic decisions in IAMs. This assumes that even if the water supply in a particular basin is limited, alternative non-renewable water sources (e.g., unlimited fossil groundwater) or desalinated water are available without physical constraints or increasing costs; the approach also omits feedbacks with energy and land use decisions that would drive adoption of more water-efficient technologies and practices. In reality, extractable non-renewable groundwater supplies are limited, sometimes not exploitable with current technologies, or are simply uneconomical. Moreover, both water demand and scarcity projections are critically dependent on the technologies assumed in the study (e.g., the evolution of irrigation efficiency and cooling technologies for thermoelectric cooling), which are often based on historical trends or preset assumptions within a model-factors that have contributed to the wide range of uncertainty in the estimates of future water scarcity. However, economic and technological responses to water scarcity are expected both in increasing water supplies, improving delivery efficiencies and reducing water demands that could alter longterm projections of water use. This paper describes a novel approach to endogenizing water allocation decisions within an IAM framework, which couples energy, land use and water in code, simultaneously determining energy, land uses and derived water requirements, as well as reconciling feedbacks from binding water availability constraints on energy, agricultural production and land use, and other end-uses. Also explored are implications of water constraints on crop prices and the cost of water use, sectoral and regional impacts, and shifts in global agricultural trade. Additionally, a range of renewable water and non-renewable groundwater scenarios were generated to evaluate the sensitivity of modeling results to alternative assumptions of water availability. As an initial approach to balancing water demand and supply, we have chosen the river basin and annual time-step as the appropriate common scale that allows for estimates of water supply and demand where the economic decision integrates information on all agricultural goods and energy services, including water availability. Our initial effort is focused on understanding the major longterm regional and global drivers that lead to gross imbalances in the supply and demand for water resources.
Methodology

The Global Change Assessment Model (GCAM)
GCAM is a dynamic-recursive model combining representations of the global economy, the energy system, agriculture, land use, and climate (see Figure S1 ). The climate sub-model includes terrestrial and ocean carbon cycles, and a suite of coupled gas-cycle, climate, and icemelt models (Calvin, et al. 2015) . GCAM establishes market-clearing prices for all energy, agricultural and land markets in each 5-year time step from 2005 to 2100, such that supplies and demands for all markets are in equilibrium. This paper extends the recent addition of water supplies and demands to GCAM to ensure the conservation of water mass in the system by allocating water among competing users on an economic basis, subject to water availability at the basin scale. Components of water demand and supply have been developed in sequence over the past several years as documented below and combined in this paper for a comprehensive representation of the global water system. GCAM currently tracks annual water demands for agricultural, energy, industrial, and municipal sectors at multiple spatial scales (see Figure S2 ) (Hejazi et al. 2014a, b) . Agricultural water demand calculations are detailed, with derivations for twelve crop commodity classes at sub-regional scales . Industrial water demands are calculated for a wide range of technologies in GCAM's energy production and transformation sectors Kyle et al. 2013) , with the remainder of industrial water use assigned to manufacturing, which is modeled in an aggregate representation. Municipal estimates of water use are determined at a regional scale as a function of GDP per capita, water price, and a technological-change parameter . The industrial and municipal sectors are represented in fourteen geopolitical regions, with the agricultural sector further disaggregated into as many as eighteen agro-ecological zones (AEZs) within each region. Base-year water demands-both withdrawals and consumptive use-are established by bottom-up estimates of water demand intensities of specific technologies and practices that are consistent with topdown regional and sectoral estimates of water use. The present study also accounts for instream water demands for uses such as ecosystem services, navigation, and recreation. This term is called the environmental flow requirement (EFR) and is estimated as 10 % of the longterm mean monthly natural streamflow following the work of Voisin et al. (2013b) .
GCAM currently uses a global hydrologic module for the water supply that is based on a gridded monthly water balance model with a resolution of 0.5°×0.5°. The GCAM hydrology module (see Hejazi et al. 2014a, b) requires gridded monthly precipitation, temperature, and maximum soil water storage capacity (a function of land cover) values, which are used to compute monthly evapotranspiration and runoff, and the soil moisture retention in the soil column. The water supply module has been evaluated against observational data and results of other models, and is used here to provide projections of water supply estimates to the end of the 21st century. For a more accurate representation of water supplies available for human use, GCAM has been updated to include a spatial river routing component -a modified representation of the River Transport Model (RTM) that employs a cell-to-cell routing scheme with a linear advection formula to simulate monthly natural streamflow.
Accessible water
The GCAM hydrology module provides estimates of renewable water resources for each of its river basins, which represent the maximum naturally-available annual water volumes in each basin. Some of this runoff flows too quickly to saline water bodies for capture, or occurs in remote areas where there is no potential human use. Thus, almost all recent studies have assessed water scarcity conditions using water scarcity indices such as that of Raskin et al. (1997) , which compares total water demand to the total available amount of renewable water, and defines water-scarce regions as those in which total water demand is greater than 40 % of total water availability. In this paper, we follow the work of Postel et al. (1996) who estimated the proportion of total runoff that is potentially stable and accessible to humans as 1) the volume of impoundments behind dams, and 2) the volume of water in the form of baseflows (Postel et al. 1996) . Thus, in this study, we define the volume of renewable water resources accessible for human use as:
where QA t i ; QT t i ; and QB t i are the annual volumes of accessible renewable water, natural streamflow and baseflow, respectively, in basin i and year t; E FR i is the environmental flow requirement for each basin, and RS i is total reservoir storage capacity in each basin i in year 2005. The minimum function ensures that the combined baseflow and reservoir storage do not exceed total streamflow. All volumes are measured in km 3 years −1
. According to the GRanD database (Lehner et al. 2011) , the total reservoir storage volume globally is approximately 6100 km 3 years −1 ; their geographic locations are then used to compute the total reservoir storage capacity in each basin -a quantity that is assumed constant over time in this analysis. As explained above, E FR i is a function of the monthly average streamflow for each basin. Baseflow is computed as a fraction of annual streamflow following the estimates of Beck et al. (2013) .
Non-renewable sources of water
In regions where the total water demands exceed the total accessible flow of renewable surface and ground water, non-renewable groundwater and desalinated water are also available for use. However, long-term use of non-renewable groundwater is unsustainable and desalination of brackish and saline water is expensive. The total water availability in each basin, including renewable water, non-renewable groundwater, and saline water, is estimated for calibration purposes to match current usage shares in the base year along with the associated cost of moving or treating water for human consumption.
Globally, Konikow (2011) . Groundwater depletion has been increasing historically and the use of groundwater for irrigation has become impossible or cost-prohibitive in some of the most depleted areas (Dennehy et al. 2002) .
To estimate groundwater pumping costs, we construct depletable resource supply curves for non-renewable groundwater (Table S1, Figure S3 ) using the following functional form (Deffeyes and MacGregor 1980) :
where Q is the volume of extracted groundwater at price P; Q o and P o are initial groundwater extraction and current price estimates; and ∝ is the slope of the lognormal distribution. It is worth noting that the supply curve is continuous and rising in relation to the extraction cost of groundwater and simulates the increasing marginal cost of extracting the next unit of groundwater. This increasing rate of the cost is often associated with extracting more expensive resources (e.g., deeper, lower quality, more challenging environmental conditions, etc.). The use of this supply curve treats groundwater as a depletable resource and no groundwater recharge is assumed. The price and quantity of non-renewable groundwater demand is determined endogenously in GCAM based on the regional and global demand for freshwater. Region-specific parameters are used for Q o ; P o , and a value of 0.5 for ∝ is assumed for all regions in the Baseline scenario, but a range of values are investigated to understand the relationship between groundwater availability and extraction cost and its impact on water demands. A value of 0.5 implies a nonlinear relationship, but that more groundwater is available at higher extraction cost. Q o is estimated by back-calculating the amount of water that must be extracted from non-renewable groundwater sources to complement all the other available water resources in the year 2005 for each region. P o is assumed to be a function of the energy cost associated with pumping groundwater from average water table depth following the work of Wang et al. (2012) and using Eq. 3:
Where d is the depth to groundwater (m), e is the energy cost rate ($/kwh), g is the gravitational acceleration (m/s 2 ), ρ is the density of water (kg/m 3 ), and η is the pumping efficiency (dimensionless). Following the work of Wang et al. (2012) , we use e =0.2 $/kWh, g = 9.8 m/s 2 , ρ =1000 kg/m 3 , and η =0.5. The median groundwater depth for each region is taken from the global water depth map of Fan et al. (2013) . With the choice of ∝, along with estimated values for Q o and P o , we establish non-renewable groundwater supply curves as a function of extraction cost for each of the GCAM region following Eq. 2.
In the year 2000, the global estimate of desalinated water was approximately 4.6 km 3 years −1 -a critical resource in areas where there is insufficient renewable supply, such as the Middle East. Using FAO estimates of desalinated water at the country scale, we first downscale desalination values to a grid scale of 0.5°×0.5°using the WWDR-II population data (Tobler et al. 1995) and coastal grids following the work of Wada et al. (2011) , and then upscale to the basin scale for the year 2005 (see Figure S4 ). For expansion of desalination, we assume that the supply of saline water is infinite and that desalinated water is available for use where it is economically feasible. The cost of desalination is taken from the literature (Zhou and Tol 2005; Wangnick 2005 ) and summarized in Table S2 . Although the industrial representation of our model accounts for all historical energy use, the projected energy requirements for desalination are not explicitly tracked at this time.
Balancing water supply and demand
Since water supplies and demands are estimated at multiple spatial and temporal resolutions, GCAM uses an internal mapping structure to ensure that water supplies and demands are in equilibrium at the basin scale. Specifically, GCAM allocates water among competing water users and solves for an inferred value of water (i.e., the shadow price of water) in each of the 235 global basins for each annual time period (see Figure S5 ). The equilibrium solution for water is simultaneously solved with all other goods and services in GCAM (e.g., energy, agriculture, land) to ensure internal consistency for any given time period. The three sources of water at the basin scale -accessible renewable water, nonrenewable groundwater, and desalinated water -are nested within a logit structure and compete for the share of water supply; desalinated water is assumed to be available for non-irrigation purposes only. The logit formula is shown in Eq. 4 (Clarke and Edmonds 1993; Wise et al. 2014 ).
where Π i is the median cost of option i, γ i is a scalar parameter, and φ is the logit exponent. Commonly used to describe consumer choice, the logit approach is used here to determine the share of water from each source to meet water demands in each basin. Accessible renewable water is assumed to be freely available, and is utilized prior to more expensive options of non-renewable groundwater or desalination. A nominal value for the cost of accessible renewable water is included to enable proper behavior of the logit formulation, however. When accessible renewable water supply is insufficient to meet total water demands in any given basin, the water price in that basin rises until higher cost options provide additional supplies. Both nonrenewable groundwater and desalinated water may simultaneously contribute to supply in addition to the accessible renewable water. Changes in the water price propagates throughout the system and leads to changes in the costs of all goods and services that require water inputs, particularly agricultural goods, with corresponding readjustment of their demands. Given the large differential in water cost between the agricultural sectors and other end-uses such as electricity (see Table S3 ), we assume a subsidy that lowers the price of irrigated water by a factor of one hundredth -a value consistent with the study of Sağlam (2013) , who reports that the agricultural sector pays substantially less than industry and households with a ratio around 1 %; i.e., agriculture pays only 1 % of the water price experienced by other sectors in a given river basin. If such a subsidy is ignored, GCAM cannot reproduce the estimated crop productions in the base year calibration as crop production is unprofitable with the associated water costs. Inclusion of subsidies and/or allocation rights for any particular sector is a capability within GCAM.
Uncertainty analysis
Since uncertainties in the estimations of several parameters and variables may affect our simulation results, we have extended the analysis to explore the range of uncertainty associated with the availability of accessible water and non-renewable groundwater. The range of accessible water values can be attributed to structural uncertainties associated with the hydrology model, the climate forcing and choice of general circulation model (GCM), and the baseflow calculation method for estimating the baseflow index parameters at the basin level. More specifically, the ensemble mean runoff and streamflow information are from a GCAM hydrology simulation under the SRES A2 emission scenario (no mitigation policy) as described in Hejazi et al. (2014b) . Since the choice of hydrologic model implies a set of model biases, we also apply correction factors at the basin level to force the hydrology model to match the annual estimates of runoff in year 2005 to two reanalysis datasets: 1) the runoff data derived by the University of New Hampshire (UNH) by combining observed river discharge information from GRDC with a climate-driven water balance model (WBMc) (Fekete et al. 2000) ; 2) the runoff data derived from streamflow gauge data (Beck et al. 2013) . Four GCMs (CGCM2, CSIRO2, HADCM3, PCM), as shown in Table 1 , are used to force the hydrology model using the CRU climate dataset (Mitchell et al. 2004 ). The baseflow calculations are based on four methods as described by Beck et al. (2013) . Groundwater availability is affected by several factors, such as recharge rates, water table depths, and aquifer characteristics. Since the supply curve representation of groundwater in this study does not fully capture groundwater dynamics, sensitivity scenarios of the potential for groundwater availability is explored by assuming alternative groundwater depths and shape of the supply curve. We use 90th-and 10th-percentile estimated groundwater depths at the basin level instead of the median used previously ( Figure S3 , Table S1 ). Additionally, we assumed a wide range of values (0.2, 0.3, 0.4, 0.5, and 1) for ∝, the slope of groundwater supply curve. A value of 1 implies a linear relationship, i.e., the cost of groundwater extraction and distribution increases linearly with depth. A lower value of ∝ results in a more rapidly increasing cost of groundwater extraction for each additional volume of groundwater depleted. 
Results
Global water withdrawal projections
Global water withdrawal projections that do not consider supply limitations overestimate water use. In Fig. 1a , Baseline projections of global water withdrawals without supply limitations rise considerably by the middle of the century and remain above 6000 km 3 years −1 throughout the century. In contrast, in the Baseline scenario with supply constraints, withdrawal volumes peak at 5500 km 3 years −1 by the middle of the century and fall to 5000 km 3 years −1 by 2100.
Increasing demands for water and the rising cost of water withdrawals result in a peak-anddecline in global water withdrawals. Importantly, the uncertainty in accessible renewable water estimates (blue shading in Fig. 1a) is small relative to non-renewable groundwater estimates (red shading in Fig. 1a) , indicating that the cost and availability of groundwater play a crucial role in determining the total global use of water. Irrigation comprises the largest share of global water use and is also the most affected by constraining water use in the Baseline scenario as shown in Fig. 1b . Global withdrawals for irrigation decline significantly over time to a total reduction of approximately 20 % by 2100 relative to the irrigation withdrawals of the unconstrained scenario for the same year. Irrigation withdrawal volumes peak at 3900 km 3 years −1 in 2050 and fall to 2900 km 3 years −1 by 2100 in the constrained scenario. Irrigation withdrawal volumes capture withdrawal from all irrigated agriculture including biomass cultivation for energy purposes. Municipal and industrial (including energy) sector withdrawals are reduced by a smaller amount, with each sector contributing to about a 10 % reduction in 2100 relative to the unconstrained scenario. The sensitivity to the cost of water is greater for agriculture than for other uses since the relative cost of water for agricultural goods is a greater share of their total production cost (see Table S3 as an example). Regionally, constraining water use affects those regions and basins where water is currently scarce. The Middle East, Africa, India and other Southeast Asia, with multiple basins at high water scarcity, are the most affected in the Baseline scenario. As indicated in Fig. 1c , withdrawals for Southeast Asia and the Middle East are reduced by approximately 40 %, and Africa and India by approximately 15 %, relative to the unconstrained scenario by 2100.
The global water withdrawal volume contributions by accessible renewable water, nonrenewable groundwater and desalinated water sources are projected in Fig. 1d , e and f. Of the Fig. 1 Global estimates of water withdrawals under the water constrained and unconstrained Baseline scenarios (a); the blue and red shaded areas represent the uncertainty associated with the calculations of accessible renewable water and non-renewable groundwater respectively; percent changes in water withdrawal when water is constrained in GCAM by sector (b) and by region (c); estimates of global water withdrawals from accessible renewable water (d), non-renewable groundwater (e), and desalinated water (f) sources three, accessible renewable water provides the largest contribution, and increases from approximately 3000 km 3 years −1 in 2005 to greater than 4000 km 3 years −1 by 2100 in the Baseline water constrained scenario. Non-renewable groundwater provides an important supplement to the limited renewable water supply, doubling from current withdrawals of approximately 600 km 3 years −1 in 2005 to over 1300 km 3 years −1 by 2050, before falling back to approximately 600 km 3 years −1 by 2100. Rising costs of groundwater extraction, as shallow sources of water are depleted, drive this decline. Finally, while the relative contribution of desalinated water is small, the volume of desalinated water grows by more than an order of magnitude and reaches approximately 250 km 3 years −1 by 2100 in the Baseline scenario. Sensitivity scenarios for a range of alternative accessible renewable water and nonrenewable groundwater assumptions indicate that uncertainties in non-renewable groundwater supplies have the greatest influence on total global water withdrawals over time -see Fig. 1e . Specifically, the range in non-renewable groundwater supply scenarios -from most pessimistic to most optimistic -shows between 60 and 1500 km 3 years −1 of non-renewable annual groundwater contribution by 2100. Whereas, the maximum difference in the range of alternative accessible renewable water supplies is approximately 500 km 3 years −1 (Fig. 1d) , which is a third of the uncertainty range of the non-renewable groundwater withdrawal as explored in this analysis. We note that alternative assumptions of non-renewable groundwater supply have little influence on the contribution of accessible renewable water (see the red shading in Fig. 1d ) since less-expensive renewable water is used prior to more-expensive non-renewable groundwater or desalinated water.
Changing views of global water scarcity
Changes in regional and sectoral water demands corresponding to the balancing of water supplies and demands are better represented at the basin scale, as areas of local water scarcity are widely distributed and more clearly displayed. The map of basin scarcity indices, defined in this study as the ratio of annual water withdrawal to annual accessible water, shows the severity and geographical heterogeneity of these changes for the year 2100 in Fig. 2 . Panels in Fig. 2 display alternative views of basin scarcity between unconstrained and constrained scenarios and from sensitivity scenarios of water availability. Constraining water can be expected to have a greater impact in those regions and basins with high water scarcity. For these basins, economic responses to higher water costs lead to reductions in water use and lower scarcity indices. Changes in water scarcity are highlighted by the reduction of red shaded basins from the unconstrained Baseline scenario (Fig. 2a) , to the constrained Baseline scenario (Fig. 2b) , and further to the highest cost groundwater scenario (Fig. 2d) . Thus, unconstrained scenarios of water use that do not consider economic responses to water use are likely to overestimate projections of future water scarcity.
The impact of constraining global water availability
One of the most important results of integrating the full global water cycle is the ability to explore potential regional and global economic responses to alternative water scarcity scenarios. We focus on agricultural impacts, since irrigation accounts for the largest component of global withdrawals and is the most-affected by water system constraints. Specifically, accounting for the cost of water withdrawals for irrigation, as well as for all other uses, affects the production of crops by region. In addition, water costs have a differential impact on each crop type due to specific crop water requirements, crop prices and production costs, location of cropland, and the trade of agricultural goods. The water impact on agricultural production at the AEZ scale is demonstrated in Fig. 3 for three of the most important grains, corn, rice and wheat, in the year 2100 for three alternative water supply scenarios, Baseline, ScenGW3, and ScenGW6. The non-renewable groundwater scenarios with the least (ScenGW3) and most (ScenGW6) expensive groundwater costs bound the cost of water at the basin scale, and consequently the resulting impact to agricultural production. We note that assumptions regarding the cost and availability of groundwater are critical since non-renewable groundwater dictates water costs when withdrawals exceed the accessible renewable basin water supply. Figure 3 shows two primary impacts: the differential changes in the production of alternative crop types, and the regional responses of crop production to alternative water supply assumptions. Changes to wheat production are the most geographically dispersed, which is consistent with the widespread cultivation of wheat, while changes to corn and rice are more regionally limited (see also Figure S6 ). Reductions to production of each crop in water scarce regions are balanced through trade and the increased production of crops from those regions with more abundant and thus, lower-cost water. Changes to the regional production of all crops are increasingly more pronounced as the cost of water rises from scenario ScenGW3 to ScenGW6. We note that agricultural responses that result from the addition of water costs include assumed subsidies for irrigation water.
Increases in global agricultural trade mitigated regional impacts as the total global production of corn, rice and wheat fell by less than 1 % throughout the 21st century between the Baseline scenarios with and without water constraints (see Figure S7 ). Much larger changes in crop production occur at the local regional and AEZ scale, however. The corresponding global reduction in crop production raised the global commodity price of corn, rice and wheat by less than 5 %. In accounting for water availability and costs, assumptions that limit trade in agricultural goods and/or subsidies for irrigated water could result in greater reductions to global production and higher crop prices.
Other changes to the agricultural system are evident, such as the reduction in the share of irrigated relative to rain-fed crop production. However, options for more efficient irrigation technologies and improvements to the water distribution system that could provide a more Water scarcity and water pricing have a more moderate impact on the energy system. For instance, including the cost of water for electric power generation increases the competiveness of natural gas combined-cycle plants with lower water requirements relative to thermal power plants. Efforts to include alternative cooling technology options and representation of energy production at a spatial resolution that is more consistent with the river-basin scale are underway to provide a more realistic and regional energy response to water availability. It is important to recognize, however, that multiple technology options exist for generating electricity and other energy forms with reduced water requirements that could limit the impact of water scarcity.
Conclusions and future work
This paper introduces a new modeling capability within a fully-coupled energy-land-use-water system of an IAM for investigating the impact of regional water scarcity. This new capability includes the representation of water availability at the basin scale and three distinct sources of water, renewable surface and ground water, non-renewable groundwater and desalinated water. Long-term annual demands for water withdrawal from all end-uses are constrained by the availability of water at each basin. The constraint on water demands is achieved through a water pricing mechanism, in which the cost of water use propagates throughout the economy affecting regional agricultural production, energy technology choices and other demands for water.
Long-term projections of water use that do not account for water availability and constraints are likely to overestimate the use of water and scarcity in the long-term. The Baseline scenario in this analysis produced global water withdrawals nearly 20 % lower by the end of the century than a scenario without water-use constraints. Water scarce regions, such as the Middle East, Africa, India, and other Southeast Asia, and the agricultural sector with the largest water withdrawal were the most affected by the water constraints. There were several economic responses to the imposed water pricing at the basin scale, including changes in regional and global agriculture production, with reductions to agricultural outputs in water scarce regions. Reductions in agricultural production were offset through international trade and increased agricultural outputs from those regions with a more abundant water supply. While regional impacts for some basins were potentially large, international trade mitigated the net changes to global agriculture production.
Assumptions regarding non-renewable groundwater availability and extraction costs are key determinants of withdrawal projections, particularly in those regions with limited renewable surface water where groundwater is an important water source. Sensitivity cases exploring alternative non-renewable groundwater costs had a greater influence on the regional use of water than the sensitivity cases of accessible renewable water, which had a more limited range of water supply than non-renewable groundwater.
A basic representation of agricultural water subsidies was implemented to differentiate the cost of water across alternative end-users. These subsidies proved necessary to ensure consistency of the water costs with historical levels of regional agricultural production. Greater effort is necessary to understand the impact of regional water subsidies on sectoral responses within regions, as well as on the international trade of agricultural goods.
An internally consistent framework for investigating the responses to water availability and demand has been developed for additional analyses and future research. The fully coupled energy-land-use-water system enables the investigation of alternative climate mitigation and technology scenarios and their impact on water use. For instance, alternative levels of bioenergy production as a response to climate mitigation and their impact on the overall water system is now possible and currently under investigation. In addition, strategies to address demand responses to increasing water scarcity and higher water costs, such as improvements to irrigation technologies, distribution efficiencies, and other adaptive measures (e.g., re-use of wastewater) can be explored. Other ongoing activities include the explicit tracking of energy use in the water system, exploring the potential for interbasin transfers, and better characterization of groundwater recharge and aquifers.
Investigation of the appropriate temporal and spatial resolution for capturing water dynamics within the broader economic modeling framework of an integrated assessment model is an important aspect of our continuing research. Expansion of the GCAM water framework to subbasin and subannual hydrologic scale are under investigation for a more comprehensive understanding of the regional and global responses to water scarcity.
